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Abstract
Under detached plasma conditions in Alcator C-Mod tokamak, the mea-
sured spectra show pronounced merging of Balmer series lines and a photo-
recombination continuum edge which is not a sharp step. This phenomenon,
known as a smooth discrete-to-continuum transition, is typical only for high
density (> 10
21
m
 3
) low temperature (T
e
 1 eV) recombining plasmas.
A theoretical model capable of treating this kind of spectra has been de-
veloped (as an extension of the CRAMD code). It is comprised of three parts:
i) a collisional-radiative model for population densities of excited states, ii)
atomic structure and collision rates for an atom aected by statistical plasma
microelds, and iii) a model for calculating the line proles and the extended
photo-recombination continuum.
The eects of statistical plasma microelds on the population densities
of excited states, on the proles of Balmer series lines, and on the photo-
recombination continuum edge will be discussed. The changes in spectral
characteristics with plasma parameters variation will be given. The calcu-
lated and measured spectra will be compared. The relevance of volumetric
plasma recombination to the spectra observed from the divertor is discussed.
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I. Introduction
Recent experimental [1-3] and theoretical [4] investigations have demon-
strated that volumetric plasma recombination plays a crucial role in divertor
plasma detachment from the divertor target. With plasma detachment the
signicant reduction of charged particle ux and plasma heat ux on the
target was measured. At the same time it was frequently observed that the
plasma temperature decreased to about 1 eV and the plasma density in-
creased up to  10
21
m
 3
near the target. Under these conditions volumetric
recombination of the majority ions occurred in the divertor. The sink of
plasma particles due to recombination inside the divertor volume might be
comparable to the plasma current on the target.
Important experimental evidence for the strong volumetric recombination
of plasma in the detached divertor comes from the analysis of the plasma
emission spectrum. The rst spectra relevant to the recombining divertor
plasma were observed in the Alcator C-Mod tokamak [1,2] and, later, in the
other divertor tokamaks ASDEX-U [5] and JET [6]. The basic features of
a typical spectrum from a recombining divertor plasma is examplied by a
spectrum measured from the detached C-Mod divertor plasma [1] shown in
Fig. 1. Firstly, one can see the presence of a strong photo-recombination
continuum. The continuum emmission corresponds to a low, about 1 eV,
temperature of plasma. Secondly, the upper lines of discrete spectrum show
the signicant Stark broadening. This fact means that the plasma density is
rather high. And, thirdly, there is specic relation between the total inten-
sities of spectral lines and the continuum intensity level. This relation is a
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characteristic of a plasma where the upper excited states of deuterium atom
are populated via 3-body recombination.
The simple methods for plasma density and temperature determination
from the measured spectra were reviewed in Ref. [7] (chapters 13-14). The
electron temperature T
e
can be estimated in a number of ways: (i) from the
ratio of the intensity of a well-resolved line to the continuum intensity, (ii)
from the ratio of total emissivities of lines in a series, and (iii) from the ratio
of continuum emissivities measured at some points for both sides of an ideal
photo-recombination edge. The plasma density N
e
can be obtained from the
analysis of Stark broadening of lines. The simplied expression for the line
width at half height
 = C

 (N
e
)
2=3
; (1)
where the tting constant C

were tabulated in [8] for each Balmer line, is
believed to be valid and is frequently used in the plasma density estimate [9].
These methods were used in the analysis of C-Mod spectra presented above.
Under simplifying assumption of a constant temperature and density for the
divertor plasma giving rise to this spectra, all the above methods predict low
temperature T
e
= (0:75! 1:1) eV and high density N
e
= (2! 1)10
21
m
 3
.
At the same time the range of plasma parameter variation expresses the
uncertainty of simple methods mentioned above. Nevertheless, the spectrum
analysis points the plasma in the divertor being in a recombining state.
Of particular interest in those high density C-Mod discharge is that
the measured divertor spectra show a pronounced merging of Balmer series
lines and a photo-recombination (PR) continuum edge which is not a sharp
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step. This phenomenon, also known as a smooth discrete-to-continuum (D-
C) spectrum transition (see Refs. [10] (page 201) and [11]), has already
been observed and studied in many laboratory plasmas with high density
(N
e
 10
23
m
 3
) and low temperature. By its nature, the smooth D-C tran-
sition is indicative of a weakly non-ideal plasma and the specic eects of this
plasma should be included in the spectrum analysis. The most important
are the eects of statistical plasma microelds (SPM) which are necessarily
present due to the break down of plasma quasi-neutrality in the elementary
plasma volume with a size of about the Debye shielding radius.
In this paper we describe a theoretical model capable of explaining the
main features of measured spectrum from the strongly recombining plasma,
the smooth D-C transition in particular. This model is collisional-radiative
(CR) and provides the calculation of population densities of excited states
and the detailed proles of spectral lines and various continua. The model is
considered as a tool for a more precise estimation of plasma parameters by
tting the whole measured spectrum.
In the paper we use n with any sub- or superscripts to denote the principle
quantum number of atomic level and  to denote the wavelength of a photon.
The variables c, e, h, m
e
, r
Bohr
refer to the usual physical constants. I
a
=

e
e
4
=2h
2
is the ionization potential of hydrogen atom isotope a  H;D; T ;
and 
e
= m
e
m
a
=(m
e
+m
a
), m
a
is the mass of an atom.
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II. Disrete-to-Continuum spectrum transition
The ideal photo-recombination continuum has a distinct edge correspon-
dent to the capture of zero-energy free electron by an ion into the n
pr
quantum
level of an atom. The longest wavelength of the PR photon is

pr
(n
pr
) = 2ch  [n
pr
]
2
=I
a
: (2)
In the Balmer spectrum (n
pr
= n
bpr
 2) the photo-recombination edge oc-
curs at 
bprc
= 
pr
(n
bpr
)  364:6 nm for a deuterium plasma. The statistical
uctuations of ionization potential of an atom [13,14] embedded in a plasma
cause the PR edge broadening. But this broadening is small compared to the
shift of PR edge obtained in the high density plasmas [12] and, in the case of
the C-Mod divertor plasma, it is even less than the instrumental broadening.
In earlier papers [15,7] the D-C transition was treated as a "spurious
continuum" which is advanced above the ideal edge, but which is still a sharp
step. For instance, the Inglis-Teller model [15] combined all the lines, some of
whose Stark widths exceeded the spacing between the lines, and considered
their union as such an advanced "spurious continuum". In practice, since
any spectroscopic instrument cannot distinguish among the continuum and
broadened overlapping lines, such a model gives the crude estimate for the
discrete series limit 
sl
. The simplied analysis of Stark broadening [7] (page
125) resulted in the following formulae for the series limit

sl
(n
pr
) = 2ch=e
pr

; (3)
where e
pr

= I
a
(n
 2
pr
  n
 2

) and n

 0:5(N
e
r
3
Bohr
)
 2=15
.
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The best explanation for the particular behavior of spectra near the PR
edge observed in many laboratory plasmas (see the spectra presented in [12]
and in literature cited therein) is given by the theory which considers the
merging of the discrete lines and the continuum as a smooth discrete-to-
continuum spectrum transition. To introduce the smooth D-C transition
and be close to the divertor plasma conditions, we place in Fig. 2 the frag-
ment of Balmer spectrum calculated using the model which will be discussed
in the next section. The given spectrum corresponds to the pure deuterium
plasma with N
e
= N
i
= 10
21
m
 3
, T
e
= T
i
= 1 eV. For these plasma param-
eters the disrete series limit is predicted to occur at 
bsl
= 
sl
(n
bpr
)  371:6
nm, far bove the ideal PR limit 
bprc
 364:6 nm. In the gure, the basic
components of spectrum are shown vs photon wavelength : i) Balmer series
of linesD
k
(index k corresponds to the spontaneous radiative transition from
level n
0
= k + n
bpr
to level n
bpr
), ii) Balmer photo-recombination continuum
(BPRC), (n
pr
= 2); iii) higher-series photo-recombination continua (HPRC)
with (n
pr
= 3; 4; 5:::); and iv) bremsstrahlung (BR). As seen, in the direction
of shorter wavelengths, the intensities of lines gradually decrease, the lines
become increasingly broader, they overlap and nally immerse into the con-
tinuum. At the same time the Balmer PR continuum extends far above its
ideal limit 
bprc
or even the series limit 
bsl
. In the transition region, near

bsl
, the intensities of the free-bound and of the bound-bound radiative tran-
sitions into the n
bpr
level are comparable and, as a result, the total spectrum
(shown by the broken line) no longer exhibits a sharp edge.
For computer modeling of the smooth D-C transition it is not enough to
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incorporate the broadening of the spectral lines [15] and of the ideal PR edge
[13]. It is also necessary to take into account the mechanisms which reduce
the intensities of lines near the series limit and simultaneouslymake allowance
for continuum emission at wavelengths above the ideal PR limit. Such mech-
anisms have been found to be connected with the decay of atomic levels
caused by statistical plasma microelds and have been discussed in many
papers [10-12,16-19] with respect to the separation of free and bound states
[16,17] and obtaining the convergent expression for atomic partition func-
tion [11,19] and developing the chemical model of weakly non-ideal plasma
[17,18].
One of the major advancements in the smooth D-C transition theory was
the models developed in [19,20]. These models are based on the assumptions
of local thermodynamical equilibrium conditions, ie that the atomic excited
levels are populated according to Saha-Boltzmann distribution. Best of all,
the developed models can be characterized as "dilution" models of spectral
lines in the continuum. In so doing, the model [19] introduces the dilution
factor j
n
pr
q
for a spectral line in a series n
pr
in the form
j
n
pr
q
= A
n
pr
q
=(A
n
pr
q
+ 
q
); (4)
where A
n
pr
q
and 
q
are the decay frequencies of Stark component q of the
level n
q
(n
q
> n
pr
) due to the radiative transition and the ionization in
the microeld of ions, respectively. The transition occurs in the discrete
spectrum with probability reduced by the factor j
n
pr
q
, while the line radi-
ation transforms into the photo-recombination radiation with probability
(1  j
n
pr
q
). Since the dilution factor j
n
pr
q
implicitly depends on the strength
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of plasma microeld, the PR radiation can occur at longer wavelength than
the wavelength given by the ideal limit 
bprc
.
In the next section we describe the improved model which is based on the
collisinal radiative theory generalized to account for the eects of statistical
plasma microelds.
III. Collisional radiative model for D-C transition
The theoretical model is comprised of three parts: (i) a collisional radia-
tive model for population densities of excited states, (ii) atomic structure and
collision rates for an atom aected by statistical plasmamicroelds, and (iii) a
model for calculating the line proles and the extended photo-recombination
continuum. The computer realization of this model is the extension to the
Collisional Radiative Atomic Molecular code, CRAMD [21].
The population model is based on the collisinal-radiative theory devel-
oped by Bates et al. [22]. The CRAMD code solves a system of coupled
rate equations which describe the kinetics of population and de-population
of quantum states (n resolved, l-averaged) of an atom in plasma. The quasi-
stationary and quasi-homogeneous approximation [22] is used here. For the
plasma emission region we assume: i) that the plasma is completely transpar-
ent to continuum radiation, ii) that an approach based on an escape factor 
[23] is valid to account for the eect of line radiation absorption by atoms in
the plasma and iii) that the local velocity distribution functions of the plasma
and gas particles are Maxwellian. An important feature of the CRAMD code
is a self-consistent incorporation of statistical plasma microelds' eects in a
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manner discussed below.
A. The eect of statistical plasma microeds on atomic
structure in plasma
The energy u and eld-ionization frequency  of each individial Stark
component are strong functions of the parabolic quantum numbers q and the
strength f of the constant external electric eld. For the hydrogen atom the
exact dependencies of u and  can be found by solving numerically using
the Schrodinger equation as discussed in [10 (chapter 5), 17]. Because of the
large number of Stark components to be processed, the CRAMD code uses
the simplied analytical expressions u(q; f) and (q; f) derived in [24]. For
each component q there exists a certain critical value f
c
for the external eld
at which the potential barrier for a bound electron in an atom disappears.
We calculate f
c
by solving the equation:
(q; f
c
) = !
Bohr
(q); (5)
where !
Bohr
is the Bohr frequency of electron revolution at a level with
quantum numbers q.
It is well established [11,12,18,19]: (i) that with respect to eld ioniza-
tion, the plasma microelds produced by ions are quasi-static, ie they can
be treated as a constant external elds aecting the atom; (ii) that the dis-
tribution function (pp; f) of statistical plasma microelds is described by
a Hooper distribution [25] with implicit dependence on a set pp of plasma
parameters, and (iii) that the existence of microelds with f  f
c
results in
10
the reduction of the statistical weight (SW) of a level.
We introduce the correction factor 
q
for the statistical weight of sublevel
q as the survival probability of given sublevel in the presence of statistical
plasma microelds. This factor is calculated by integration of (f) over
microeld strengths from 0 to f
c
(q). The correction factor 
n
of the entire
atomic level n is the sum over all its Stark components divided by the total
(unperturbed) statistical weight of this level, ie 2n
2
for the deuterium atom.
The probability that the n-th level is unperturbed is taken to be 
n
, while
(1   
n
) is the probability that this level is coupled to the advanced ion
continuum.
The dependence of 
n
on ion density N
i
is given in Fig. 3. A strong
decrease in the real statistical weight of n-th level occurs when the ion density
reaches some critical value N
cr
i
(n). In order to estimate this value, assume
that the microeld of strength f is generated by the nearest ion only. Then
the SPM distribution function has the form:

NI
(y) =
3
2
y
 5=2
exp( y
 3=2
); (6)
where y = f=f
o
, f
o
= e=
i
2
, and 
i
is the mean ion separation
4
3
i
N
i
=3 = 1: (7)
From geometry considerations the maximal strength of critical eld is equal
to f
?
c
= e=(4r
2
n
), where r
n
= r
Bohr
n
2
is the radius of n-th Bohr orbit. Then,
the factor 
n
has the form: 
n
= exp( (f
o
=f
?
c
)
3=2
). Hence, the strong decay
of n-th level is expected to occur when (f
o
=f
?
c
)
3=2
 (2r
n
=
i
)
3
 1, that is,
N
cr
i
(n) = (
32
3
r
3
Bohr
n
6
)
 1
. More realistic f
c
values (which are 2-3 times lower
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than f
?
c
[10]) and correct asymptotic treatment of (y) reduce the N
cr
i
by
a factor of 3-5 in agreement with Fig. 3. The expression derived above is
useful, since it gives a good estimate for the highest existing level m of an
atom embedded in plasma:
m = (
32
3
r
3
Bohr
N
i
)
 1=6
: (8)
Note, the simple geometry arguments in the case, when 2r
n
 
i
, indicate
that the n-th level is no longer bound. The electron reaching such a level
will be shared by a number of plasma ions. It can move classically from
one ion to another and exhibit many features of a free electron, for example,
quasi-bound electrons are able to eect the electrical conductivity of a weakly
ionized plasma as discussed in [16,17].
B. Statistical plasma microelds' eect on rate co-
ecients of the elementary atomic processes in
plasma
An important part of the collisional-radiativemodel is a set of semiempiri-
cal formulae representing the rates of state-to-state excitation, ionization and
recombination, and the probabilities of radiative transitions. For hydrogen
isotope atoms the CRAMD code incorporates the complete and consistent
set of rate formulae developed in [26].
At present, there is no validated theory capable of treating collisions in
the case of stochastic pertubation of an atomic system. In this situation
the simple semi-empirical approaches [26,27], frequently used in deriving ex-
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pressions for the cross-section of elementary atomic process, can be helpful.
To include the statistical plasma microelds eects we modify the Johnson
formulae [26] for rate coecients S of elementary atomic processes. Here we
also invoke the principle (on which the "dilution" models [19,20] are based)
of conservation of oscillator strenghts density across the ionization threshold
of an atom. Taking the advantage of the ions' microelds being statistical
and quasi-stationary, the function g(n; pp) = 1  
n
(pp) of discrete argument
n describes the distributed boundary for ionization of the perturbed atom.
Formulae obtained in this manner represent the eective rate coecients r
for the elementary collision processes involving an atom perturbed by SPM.
In the most simplied version of the code the electron-impact ionization rate
coecient for an atom in excited state n takes the form:
r
ei
n
(pp) = (
n
)
 1
m
X
i=n
(
i
  
i+1
)S
ei
n
(T
e
j i+ 1); (9)
the photo-recombination rate:
r
pr
n
(pp) =
m
X
i=n
(
i
  
i+1
)S
pr
n
(T
e
j i+ 1); (10)
and the electron-impact excitation rate for transition from level n to level n
0
:
r
ex
n;n
0
(pp) = (
n
  
n
0
)S
ex
n;n
0
(T
e
j m); (11)
where S

z
(T
e
j n
d
) denotes Johnson's [26] rate coecient expression corre-
sponding to the atomic process of type  ( = ei; pr; ex), quantum state
(or transition) labeled z and derived under the condition that the ionization
threshold is lowered up to the n
d
level, n < n
d
 m. The uppest level of
an atom m is given by Eq:8. The modied expressions take into account
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both the increase of the oscillator strength coupled to the continuum and
the reduction of ionization potential. Thus the eective rates are functions
of many plasma parameters pp. The destruction of upper levels causes an
increase in the ionization and recombination rates for lower levels.
In order to make a simple estimate for the change in the ionization rate
caused by the statistical plasma microelds, consider some level n
v
which is
not SPM-perturbed, ie r
Bohr
n
v
2
 
i
, so that 
n
v
 1. In a low tempera-
ture plasma, =n
v
2
 1, ( = I
a
=T
e
), the ionization rate has the following
asymptotic form: S
ei
n
v
(T
e
j 1) = B exp[ =n
v
2
], where B denotes a slowly
varying function of T
e
and n
v
. There exists a higher level n
s
(n
s
 m) for
which =n
s
2
 1. Using the nearest-ion distribution of the statistical plasma
microelds given by Eq:6, one has 
NI
n
= exp[ bn
6
], b = (2r
Bohr
=
i
)
3
. Since

NI
k
  
NI
k+1
 exp[ bk
6
]d(bk
6
), the summation over upper excited levels k
in the expression for modied rate coecient can be replaced by integration
and the eective rate takes the form:
r
ei
n
v
= Bexp[bn
v
6
]
Z
1
bn
v
6
exp[bk
6
]exp[ =n
v
2
]exp[=(k + 1)
2
]d(bk
6
): (12)
Under the pessimistic assumption that exp[=(k + 1)
2
]  const = exp[=m
2
],
one obtains r
ei
 B exp[=m
2
]. Since =m
2
 1 and =n
v
2
 1, the modied
rate r
ei
can be much higher than the usual rate S
ei
for the electron impact
ionization, ie r
ei
 S
ei
.
C. Proles of lines and the continuum
A standard theory [28-30] of line broadening by the plasma is used in the
calculation of Stark prole. The contribution of ions is described in the quasi-
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static approximation. For the transition between the q
0
and q corresponding
to Stark components of dierent n
0
and n atomic levels, the quasi-static
prole as a function of angular frequency, !
qq
0
, is obtained from the ion SPM
distribution (f) by using the function inverse to
h!
qq
0
= u(q
0
; f)   u(q; f); (13)
where the energy function u is given in analytical form in [24]. This prole
includes the eects of multi-Stark broadening and the narrowing of spectral
range of a line as 0 < f < f
c
(q). The impact approximation is used to
calculate the electron contribution. The Stark prole of a spectral line is
the statistically weighted sum over all dipole transitions between the Stark
components of the appropriate pair of quantum levels. Here we assume
complete mixing between Stark components q
n
belonging to the same level n,
that is, the sublevels are populated according to their real statistical weight.
The total prole of a spectral line is calculated as a simple convolution of
proles caused by Stark, Doppler, electrodynamic and instrumental broad-
ening mechanisms. The nal prole of a given line is renormalized to have
the integral intensity equal to the intensity calculated by the CRAMD code.
It is important to note that the total prole of line calulated by CRAMD
frequently has a very complecated form. For someD
k
lines it can signicantly
dier from Lorentzian so that the plasma density prediction based on (Eq:1)
may be an underestimate.
In the presence of SPM the photo-recombination continuum, associated
with a free-bound transition to the n
pr
level, splits into multiple continua.
Each sub-continuum corresponds to the destruction of n-th level (n
pr
< n <
15
m+1) with probability (
n 1
 
n
) and to the ionization potential lowering to
this level. In the calculation of spectral distribution of sub-continuum we use
Johnson's [26] formulae and take into account the instrumental broadening.
IV. Statistical plasma microelds' eect on popula-
tion densities of excited states and on continuum
radiation
With the CRAMD code we have studied the eect of plasma microelds
on densities of excited states. For typical parameters of detached plasma,
T
e
= 1 eV and N
e
= 10
21
m
 3
, the electron-ion recombination (EIR), which
includes the processes of 3-body recombination and photo-recombination, is
the dominant mechanism responsible for populating of n > 3 atomic states.
Considering only the EIR population mechanism, we have calculated the
densities of all excited states of the deuterium atom in a plasma with and
without the eects of statistical plasma microelds. These densities, along
with the densities of excited states in the Saha-Boltzmann (SB) distribution
(solid squares), are shown in Fig. 4. As seen, the population densities, calcu-
lated with CRAMD without taking account of SPM, monotonically increase
with increasing atomic level number n. For the levels with n > 3 the popula-
tions are those described by the Saha-Boltzmann distribution. As expected,
the incorporation of SPM results in a strong decrease in the density of upper
states with n > 15 with respect to the SB population.
To examine the eect of SPM on the spectral characteristics of contin-
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uum radiation from a plasma, we have calculated with the CRAMD code the
intensity of continuum radiation as a function of wavelength  for a set of
plasma densities with a plasma temperature of 1 eV. The results are given in
Fig. 5. In this gure the intensity of each continuum spectrum is normalized
to its intensity at  = 350 nm. At low plasma densities the continuum spec-
trum is close to the ideal continuum spectrum which is a step-like function
of . The lower level of the spectrum ( > 
bprc
) corresponds to the sum
of bremsstrahlung and photo-recombination continua with n
pr
> n
bpr
. At
the upper continuum level ( < 
bprc
) the Balmer PR radiation is added
to that sum. In denser plasmas the upper quantum states of an atom are
perturbed by SPM. The destruction of atomic states with n > 8 signi-
cantly increases the intensity of photo-recombination continuum above 
bprc
.
With the increase in plasma density, more and more radiation from Balmer
lines transforms into the continuum radiation, and, in the limit of ultra-high
densities, the Balmer PR continuum spreads over the whole series range.
For high plasma densities, N
e
< 10
22
m
 3
, the ratio W
cc
of continuum
intensities at 358 and 452 nm, used in [1] for plasma temperature estimation,
is a strong function of T
e
and depends only slightly on N
e
. The temperature
dependence of W
cc
ratio is given in Fig. 6 for N
e
= 10
21
m
 3
.
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V. Modelling of Balmer spectrum near photorecom-
bination edge
The Balmer spectrum near the photorecombination edge was measured in
a number of C-Mod discharges. The description of spectroscopic instruments
as well as their arrangement in the tokamak and elds of view have already
been given in [1]. The spectrometer viewed the divertor (Fig. 7) from the top
of the vessel so that the observed spectra originated from the whole divertor
region [31]. For this spectrum both the inner and the outer divertors were
detached with plasma temperature around 1 eV nearby the plates.
The geometry of the plasma emission region(s) in the divertor is very
complex. In the experimental data analysis [1] the real geometry is replaced
by an "eective divertor emission region" (EDER) which has a form of the
toroidal ring. In the poloidal cut of a torus the EDER has a rectangular cross-
section (dL). One side of the rectangle is perpendicular to the central ray
of the spectrometer view and the length d of this side is determined by the
intersections of spectrometer's eld-of-view with the outer and inner divertor
plates. Size L characterizes the average thickness of a ring. If J denotes the
spectral emissivity of unity plasma volume, then the "measured" radiation
intensity per unit area from the EDER plasma is I
exp
= JL. The area of the
EDER surface faced to the detector was calculated to be   0:72m
2
for the
discharge under consideration.
We performed a series of CRAMD runs in order to t the measured C-
Mod spectrum presented in Fig. 1 around the 
bprc
photo-recombination
edge.
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In modelling we take into account the inhomogeneity in plasma param-
eters along the lines of sight of the spectrometer. In contrast to [1], we
consider at least two regions (modeled as connected rings, bottom and top)
of divertor plasma that give rise to the measured spectrum. We assume that
plasma condition in the rst region, the bottom ring, corresponds to a re-
combining plasma which is cold (around 1 eV) and dense enough to produce
signicant continuum and line radiation out of a small volume. There is
also a second region with a relatively hotter (T
e
= 2  5 eV) and less dense
plasma. This second region we can be neglected because it can contribute to
the spectrum. The rst region will be further referred to as "cold" and the
second - as "hot" plasma regions. Each region is characterized by a constant
temperature and density. The characteristic sizes L
cold
and L
hot
of these re-
gions are the additional tting parameters necessary to match the absolutely
calibrated measurements of continuum emissivities at 358 and 452 nm.
The best agreement with experimental data was obtained for T
cold
= 0:9
eV, N
cold
= 2 10
21
m
 3
and L
cold
 0:5 cm in the cold plasma region, while
T
hot
= 2:5 eV, N
hot
= 7:5  10
20
m
 3
and L
hot
 3 cm in the hot plasma
region.
For these plasma parameters, the cold region is the dominant contributor
to the Balmer continuum and to the intensities of visible linesD
k
with k > 2.
The hot region primarily contributes about 50% to the lower asymptotic
level of continous radiation   410 nm and to the intensity of lower lines of
Balmer series with k < 3. The measured continuum emission at the upper
level (358 nm) was I
exp
 1:2mW=cm
2
=nm and the ratio W
exp
cc
 8. If we
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denote the continuum emissivity in EDER plasmas at 358 nm as J
up
and at
452 nm as J
low
, then in the units of mW=cm
3
=nm J
up
cold
 1:96, J
up
hot
 0:152
J
low
cold
 0:094, J
low
hot
 0:027 and the following relationships are satised:
(J
up
cold
L
cold
+ J
up
hot
L
hot
)=(J
low
cold
L
cold
+ J
low
hot
L
hot
) =W
exp
cc
; (14)
J
up
cold
L
cold
+ J
up
hot
L
hot
= I
exp
: (15)
As follows from Fig. 6, we have W
cold
cc
 12:8 in cold region, whereas W
hot
cc

3:5 in the hot region.
A comparison between the measured and the "best-t" calculated spec-
tra is given in Fig. 8. As seen, the calculated spectra agrees well with the
measured spectrum in spite of the fact that the measured spectrum contains
a number of narrow lines emitted by impurities. particles. The modelling
shows that the smooth discrete to continuum transition occurs in this spec-
trum (in the same manner as it is shown in Fig. 2). Balmer PR continuum
extends above 
bprc
so that the intensity of continuum radiation near the
predicted series limit 
bsl
 373 nm is approximately equal to the intensity
of overlapped Balmer lines.
Finally we examine the role of electron-ion recombination in the plasma
particle balance for the detached divertor. In the discharge under consider-
ation, the total ion current on divertor plates, G
plate
, according to probe
measurements was about 7  10
22
s
 1
. The plasma particle sink due to
electron-ion recombination was calculated by the CRAMD code as G
EIR
=
K
EIR
(N
cold
)
2
V
cold
, where K
EIR
is the eective rate coecient introduced
in the CR theory [22] to describe the multistep recombination processes,
20
Vcold
= L
cold
is the eective volume of cold region. For the plasma param-
eters obtained for the cold region the recombination sink G
EIR
is approx-
imately 7:6  10
22
s
 1
[32]. Comparing G
plate
and G
EIR
in this discharge,
one can see that about one half of all plasma ions recombine under detached
plasma conditions.
VI. Conclusions
Our present experimental and theoretical studies are aimed at explaining
the detailed features of deuterium Balmer spectrum and at providing evi-
dence in support of the recombining state of plasma attained under detached
divertor conditions. The CRAMD code modelling of detached plasma emis-
sion spectra shows: (i) that the expansion of a Balmer photo-recombination
edge, and the broadening and dilution of lines due to the eect of statisical
plasma microelds correspond to a smooth discrete-to-continuum spectrum
transition and are characteristic of weakly non-ideal plasma conditions; (ii)
that the population densities of excited states (4 < n < 10) are close to
the Saha-Boltzmann population and the multistep electron-ion recombina-
tion is the dominant populating mechanism of these states; (iii) that divertor
plasma giving rise to the measured spectrum is cold with T
e
 0:9 eV and
dense with N
e
 210
21
m
 3
; iv) that plasma particle sink due to volumetric
electron-ion recombination is approximately equal to the ion current on the
neutralizing divertor plates. These results are indicative of a strong electron-
ion recombination occuring in the divertor, in argeement with our previous
analysis [1] and with the results of detailed modeling of plasma transport in
21
the detached divertor [4].
However, the importance of other eects on the measured spectrum anal-
ysis, in particular the radiation transport in Lyman series lines and the tur-
bulent broadening, has not been included and is not ruled out. The next
version of the CRAMD code will be focused on a more accurate determina-
tion of divertor plasma parameters from spectroscopic measurements.
Acknowledgement
The authors gratefully acknowledge useful discussionswith Dr. S. Krashenin-
nikov. This work is supported by the U.S. Department of Energy under the
contract DE-AC02-78ET51013 and under the grant DE-FG02-910ER-54109.
22
References
[1] D. Lumma, J.L. Terry, B. Lipschultz, Phys. Plasmas 4 (1997) 25555.
[2] J.L. Terry, B. Lipschultz, B. LaBombard, D. Pappas, Proc. of the 24th
European Phys. Soc. on Control. Fus and Plasma Phys., Berchtesgaden.
Germany. 1997. vol 21A. Part IV. p.
[3] I.H. Hutchinson et al., Phys. Plasmas 1 (1994) 1511.
[4] S.I. Krasheninnikov, A.Yu. Pigarov, D.A. Knoll, et al., Phys. Plasmas
4, (1997) 1638.
[5] B. Napiontek, U. Wenzel, K. Behringer et al., Proc. of the 24th
European Phys. Soc. on Control. Fus and Plasma Phys., Berchtesgaden.
Germany. 1997. vol 21A. Part IV. p.1413-1416.
[6] G.M. McCracken, M.F. Stamp, R.D. Monk et al., Evidence for Volume
Recombination in JET Detached Divertor Plasmas. submitted to Nucl. Fus.
[7] H.R. Griem, Plasma Spectroscopy, McGraw-Hill, NY (1964).
[8] R.D. Bengtson, J. Tannich, P. Kepple, Phys. Rev. A, 1, (1970) 532.
[9] B.L. Welch, H.R. Griem, J.L. Terry, C. Kurz, B. LaBombard, B.
Lipshultz, E. Marmar, G. McCracken, Phys Plasmas 2 (1995) 4246.
[10] V.S. Lisitsa, Atoms in Plasma, Springer Verlag Berlin Heidelberg,
NY (1995).
[11] T.A. Koval'skaya, V.B. Sevast'yanenko, in Gas Dynamics and Phys-
ical Kinetics (translated from Russian), Novosibirsk (1974) 11.
[12] V.E. Fortov, I.T. Yakubov, Physics of Nonideal Plasma, chapter 7,
NY, Hemisphere Pub. Corp. (1990);
23
[13] V. Vujnovic, J. Quant. Spec. Rad. Transfer, 10 (1970) 929;
[14] G. Ecker, W.Kroll, Phys. Fluids, 6 (1962) 62.
[15] D. Inglis, E. Teller, Astroph. J., 90 (1939) 439.
[16] V.S. Vorob'ev, G.E. Norman, V.S. Filinov, Sov. Phys. JETP, 30
(1970) 459;
[17] V.S. Vorob'ev, A.L. Khomkin, Sov. J. Plasma Phys., 3-4 (1977) 499;
ibid. 8

(1982) 726.
[18] V.A. Kravchenko, High Temperature, 23 (1985) 161.
[19] V.T. Gurovich, V.S Engel'sht, Sov. Phys. JETP, 45 (1977) 232.
[20] L.G. D'yachkov, Transport and Optical Properties of Nonideal Plasma.
(Edited by G.A. Kobsev, I.T. Iakubov and M.M. Popovich). Chapter 5.
Plenum Press. NY. (1995).
[21] A.Yu. Pigarov, S.I. Krashenninikov, Phys. Lett. A, 222 (1996) 251.
[22] D.R. Bates, A.E. Kingston, R.W.P. McWhirter, Proc. Roy. Soc.,
267 A (1962) 297; 270 (1962) 155.
[23] F.E. Irons, J. Quant. Spectrosc. Radiat. Transfer. 22 (1979) 1-86.
[24] Nguyen Hoe, B. D'etat, G. Coulaud, Phys. Lett. A, 85 (1981) 327.
[25] C.F. Hooper Jr, Phys. Rev., 149 (1966) 77.
[26] L.C. Johnson, Astroph. J., 174 (1972) 227.
[27] D.H. Sampson, L.B. Golden, Astroph. J., 161 (1970) 321.
[28] H.R. Griem, Spectral Line Broadening by Plasmas, Academic, NY
(1974);
[29] I.I. Sobelman, L.A. Vainstein, E.A. Yukov, Excitation of Atoms and
24
Broadening of Spectral Lines, Springer-Verlag Berlin Heidelberg, NY (1981).
[30] H.R. Griem, M. Blaha, P.C. Kepple, Phys. Rev. A, 19 (1979) 2421.
[31] The lines of sight of the spectrometer pass through the main plasma
region. Continuum radiation emitted from the main plasma is mainly bremsstrahlung
and its distribution over  is almost constant in the Balmer wavelength range.
Using the radial proles of plasma parameters measured inside separatrix we
calculate the contribution of the main plasma to the observed spectrum. In
the spectra presented in the paper the contribution of main plasma has been
already eliminated.
[32] In modelling we took into account the EDER plasma opacity eects
with respect to Lyman lines radiation consistently calculating the escape
probabilities  for the cold region according to its thickness L. Atomic
density N
a
in the cold region was taken equal to 0:1N
cold
. The hot region
was assumed to be transparent.
25
Figure captions
Fig. 1: Experimental spectrum measured from C-Mod divertor plasma.
Several bright lines of Balmer series for deuterium atom are labeled.
Fig. 2: Basic components of emission spectrum from the pure deu-
terium plasma (see explanations in the text).
Fig. 3: Statistical-weight correction factor 
n
plotted for the thirty
quantum states of deuterium atom embedded in a plasma. Dierent curves
correspond to dierent plasma density.
Fig. 4: Population densities of excited states calculated for the deu-
terium atom with the three dierent population models.
Fig. 5: Continuum emission spectra plotted vs wavelength. The in-
tensity of each spectrum is normalized to unity at a point 350 nm. Spectra
dier by the plasma density.
Fig. 6: The ratio W
cc
of continous radiation intensities calculated at
358 and 452 nm plotted as a function of plasma temperature.
Fig. 7: A cross-section of Alcator C-Mod, showing the equilibrium
reconstruction of the magnetic surfaces, the divertor region, and the eld of
view of the spectrometer used for measurements in this paper.
Fig. 8: The emission spectrum measured from C-Mod divertor plasma
is shown by broken curve. The solid curve presents the theoretical spectrum
that ts the experimental data. Most of untted lines in the experimental
spectrum belong to ions, atoms or molecules of various impurities.
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